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Abstract
The electroweak (EW) sector of the Minimal Supersymmetric Standard Model (MSSM)
can account for variety of experimental data. The lighest supersymmetric particle
(LSP), which we take as the lightest neutralino, χ˜01, can account for the observed
Dark Matter (DM) content of the universe via coannihilation with the next-to-LSP
(NLSP), while being in agreement with negative results from Direct Detection (DD)
experiments. Owing to relatively small production cross-sections a comparably light
EW sector of the MSSM is also in agreement with the unsuccessful searches at the LHC.
Most importantly, the EW sector of the MSSM can account for the persistent 3− 4σ
discrepancy between the experimental result for the anomalous magnetic moment of
the muon, (g − 2)µ, and its Standard Model (SM) prediction. Under the assumption
that the χ˜01 provides the full DM relic abundance we first analyze which mass ranges
of neutralinos, charginos and scalar leptons are in agreement with all experimental
data, including relevant LHC searches. We find an upper limit of ∼ 600 GeV for the
LSP and NLSP masses. In a second step we assume that the new result of the Run 1
of the “MUON G-2” collaboration at Fermilab yields a precision comparable to the
existing experimental result with the same central value. We analyze the potential
impact of the combination of the Run 1 data with the existing (g − 2)µ data on the
allowed MSSM parameter space. We find that in this case the upper limits on the LSP
and NLSP masses are substantially reduced by roughly 100 GeV. This would yield
improved upper limits on these masses of ∼ 500 GeV. In this way, a clear target could
be set for future LHC EW searches, as well as for future high-energy e+e− colliders,
such as the ILC or CLIC.
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1 Introduction
One of the most important tasks at the LHC is to search for physics beyond the Standard
Model (SM). This includes the production and measurement of the properties of Cold Dark
Matter (CDM). These two (related) tasks will be among the top priority in the future
program of high-energy particle physics.
The high-energy searches are complemented by low-energy experiments that search either
for rare beyond the SM (BSM) decays, or for small deviation of known SM processes from
their SM prediction. Concerning the latter the anomalous magnetic moment of the muon,
(g − 2)µ plays a prominent role. The experimental result deviates from the SM prediction
by 3 − 4σ [1, 2]. Improved experimental results are expected in the course of 2020 by the
publication of the Run 1 data of the “MUON G-2” experiment [3].
Another clear sign for BSM physics is the precise measurement of the CDM relic abun-
dance [4]. A final set of related constraints comes from CDM Direct Detection (DD) experi-
ments. The LUX [5], PandaX-II [6] and XENON1T [7] experiments provide stringent limits
on the spin-independent DM scattering cross-section, σSIp .
Among the BSM theories under consideration the Minimal Supersymmetric Standard
Model (MSSM) [8–11] is one of the leading candidates. Supersymmetry (SUSY) predicts
two scalar partners for all SM fermions as well as fermionic partners to all SM bosons.
Contrary to the case of the SM, in the MSSM two Higgs doublets are required. This results
in five physical Higgs bosons instead of the single Higgs boson in the SM. These are the light
and heavy CP-even Higgs bosons, h and H, the CP-odd Higgs boson, A, and the charged
Higgs bosons, H±. The neutral SUSY partners of the (neutral) Higgs and electroweak gauge
bosons gives rise to the four neutralinos, χ˜01,2,3,4. The corresponding charged SUSY partners
are the charginos, χ˜±1,2. The SUSY partners of the SM leptons and quarks are the scalar
leptons and quarks (sleptons, squarks), respectively.
The electroweak (EW) sector of the MSSM, consisting of charginos, neutralinos and
scalar leptons can account for a variety of experimental data. Concerning the CDM relic
abundance, the MSSM offers a natural candidate, the Lightest Supersymmetric Particle
(LSP), the lightest neutralino, χ˜01 [12, 13], while being in agreement with negative results
from DD experiments. On the other hand, the unsuccessful searches at the LHC can be
attributed to the rather small production cross-sections, keeping a relatively light EW sector
of the MSSM well alive. Most importantly, the EW sector of the MSSM can account for the
persistent 3− 4σ discrepancy of (g − 2)µ.
Various articles have investigated (part of) this interplay. The impact of LHC Run I
searches in particular on the chargino/neutralino sector of the MSSM have been discussed,
among others, in [14–16], and including Run II prospects in [17, 18]. A combination of Run I
and (then) current (g − 2)µ data can be found in [19]. Compressed chargino/neutralino
spectra that are difficult to access at the LHC in the context of DM bounds were discussed
in [20]. The direct searches at the LHC Run I, the (then) current (g − 2)µ deviation from
its SM prediction, the measurement of the CDM relic abundance and the limits from CDM
DD experiments have been analyzed in a global fit to the phenomenological MSSM with 11
parameter (pMSSM11 [21]) in [22]. It was found that this model “easily” satisfies all the
constraints together. LHC Run II data, the (then) current bound from (g − 2)µ as well as
DM constraints were analyzed in several benchmark planes in [23, 24] and in two benchmark
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scenarios w.r.t. the DM relic abundance in [25]. In the latter the relevant LHC searches have
been applied without a proper re-casting. All Run II data, again without proper re-casting,
but with DM data, was taken into account in [26], favoring models with relatively heavy
sleptons. Run II data for chargino/neutralino searches with some DM implications has also
been presented in [27, 28].
The aim of the paper is two-fold. Under the assumption that the χ˜01 provides the full DM
relic abundance we first analyze which mass ranges of neutralinos, charginos and sleptons
are in agreement with all relevant experimental data. Concerning the LHC searches we
include all relevant existing data, mostly relying on re-casting via CheckMATE [29–31]. In a
second step we assume that the new result of the Run 1 of the “MUON G-2” collaboration
at Fermilab yields a precision comparable to the existing experimental result with the same
central value. We analyze the potential impact of the combination of the Run 1 data with
the existing result on the allowed MSSM parameter space. The results will be discussed in
the context of the upcoming searches for EW particles at the HL-LHC. We will also comment
on the discovery prospects for these particles at possible future e+e− colliders, such as the
ILC [32, 33] or CLIC [33, 34].
2 The electroweak sector of the MSSM
Here we briefly review the EW sector of the MSSM, consisting of charginos, neutralinos and
scalar leptons. The scalar quark sector is assumed to be heavy and not to play a relevant
role in our analysis. Throughout this paper we also assume that all parameters are real, i.e.
the absence of CP-violation.
MSSM neutralinos are the linear superpositions of the neutral SU(2)L and U(1)Y gaug-
inos and neutral higgsinos B˜, W˜ 3, H˜0u and H˜0d , respectively. Their masses and mixings are
determined by U(1)Y and SU(2)L gaugino masses M1 and M2, the Higgs mixing parameter
µ and tan β, the ratio of the two vacuum expectation values (vevs) of the two Higgs doublets
of MSSM, tan β = v2/v1. The neutralino mass matrix in the basis (−iB˜,−iW˜ 3, H˜0u, H˜0d) is
given by
MN =

M1 0 −MZcβsw MZsβsw
0 M2 MZcβcw −MZsβcw
−MZcβsw MZcβcw 0 −µ
MZsβsw −MZsβcw −µ 0
 (1)
where cβ(sβ) denotes cos β(sin β) and cw =
√
1− s2w = MW/MZ denotes effective weak lep-
tonic mixing angle, withMW (MZ) being the mass of theW (Z) boson. After diagonalization,
the four eigenvalues of the matrix give the four neutralino masses mχ˜01 < mχ˜02 < mχ˜03 < mχ˜04 .
As discussed above, the lightest neutralino, χ˜01 is the LSP and is assumed to yield the full
CDM relic density, see Sect. 3.3 below.
The chargino mass eigenstates result as a mixing between the charged winos and higgsinos
(W˜±, H˜±u/d) respectively with their mass matrix given by,
MC =
 M2 √2MW cβ√
2MW sβ µ
 (2)
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Diagonalizing MC with a bi-unitary transformation, two chargino-mass eigenvalues mχ˜±1 <
mχ˜±2 can be obtained.
For the sleptons, as will be discussed below, we choose common soft SUSY-breaking
parameters for all three generations. The charged slepton mass matrix can be written as,
ML˜
2 =
 m2l +m2LL mlXl
mlXl m
2
l +m2RR
 (3)
where
m2LL = m2l˜L + (I
3L
l −Qls2w)M2Zc2β ,
m2RR = m2l˜R +Qfs
2
wM
2
z c
2
β ,
Xl = Al − µ(tan β)2I3Ll .
Here l = e, µ, τ and ml˜L and ml˜R are the left- and right-slepton mass input parameters, I
3L
l
and Ql denote the weak isospin and electric charge of the lepton l = e, µ, τ . We take the
trilinear coupling Al to be zero for all the three generations of leptons. Thus the off-diagonal
term mlXl is given by mlµ tan β, and hence the mixing is significant only for the third
generation. Thus, for the first two generations, the mass eigenvalues can be approximated
as ml˜1 ' ml˜L ,ml˜2 ' ml˜R . In general we follow the convention that l˜1 (l˜2) has the large “left-
handed” (“right-handed”) component. Besides the symbols equal for all three generations,
we also explicitly use the scalar electron, muon and tau masses, me˜1,2 , mµ˜1,2 and mτ˜1,2 .
The sneutrino and slepton masses are connected by the usual MSSM mass relation :
ml˜L
2 = m2ν˜l +M
2
W cos(2β). (4)
Thus, overall the EW sector at the tree level can be described with the help of six parameters:
M1,M2, µ, tan β,ml˜L ,ml˜R . Throughout our analysis we neglect CP-violation and assume
µ,M1,M2 > 0. From general considerations, even sticking to real parameters, one could
choose some (or all) of the mass parameters negative. However, it should be noted that the
results for physical observable are affected only by certain combinations of signs (or phases
in general). It is possible, for instance, to rotate the phase of M2 away, i.e. choose (real
and) M2 > 0. This leaves in principle the signs of M1 and µ free. However, one of the
main constraints we will take into account is the anomalous magnetic moment of the muon,
aµ := (g − 2)µ/2, see Sect. 3.2. Having M1, M2 and µ positive yields in general a positive
contribution to aµ, as it is required by experimental data (see Sect. 3.2). Changing one or
both signs of M1 and µ negative yields a substantially reduced or even negative contribution
to aµ. Consequently, having this constraint in mind, our choice of only positive values is
justified (see, however, the discussion in Sect. 7).
The other MSSM sectors
Following the stronger experimental limits from the LHC [35, 36], we assume that the colored
sector of the MSSM is sufficiently heavier than the EW sector, and does not play a role in
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this analysis. For the Higgs-boson sector we assume that the radiative corrections to the
light CP-even Higgs boson (largely originating from the top/stop sector) yield a value in
agreement with the experimental data, Mh ∼ 125 GeV. This naturally yields stop masses
in the TeV range [37], in agreement with the above assumption. Concerning the Higgs-
boson mass scale, as given by the CP-odd Higgs-boson mass, MA, we employ the existing
experimental bounds from the LHC. In the combination with other data, this results in a
non-relevant impact of the heavy Higgs bosons on our analysis, as will be discussed below.
3 Relevant constraints
In this section we briefly review the experimental constraints that are relevant for the EW
sector of the MSSM. They consist of direct searches at the LHC, the (g − 2)µ deviation
from its SM prediction, the measurement of the CDM relic abundance and the limits from
CDM DD experiments. A review about the combination of these effects in SUSY (after LHC
Run 1) can be found in [22].
3.1 Constraints from the LHC
In the absence of color-sector SUSY particles within the LHC reach, the production of
electroweak gauginos (χ˜+1 χ˜−1 , χ˜±1 χ˜02) and sleptons (l˜L,R l˜L,R) are the most important search
channels at the LHC. The ATLAS and CMS collaborations have searched for these processes
in a variety of final states. The LHC searches are usually interpreted in terms of “simplified”
models with specific assumptions on the compositions and branching ratios of the SUSY
particles. For example, all the searches described through Eq. (5)-(9) assume χ˜±1 /χ˜02 and χ˜01
to be purely wino- and bino-like respectively so that mχ˜02 = mχ˜±1 . However, the sensitivity
of the searches may vary significantly with the variation of the gaugino-composition as well
as mass hierarchy among the SUSY particles.
In this section we summarize the LHC Run-II results that are most relevant for our
analyses. A graphical “comparison” of the reach of these various LHC constraints is shown
in Fig. 1, as described in detail below. In the left plot we show the different search modes
in the mχ˜01-mχ˜±1 plane as given in the respective references. In the right plot of Fig. 1, we
depict the limits on the mχ˜01-ml˜1 plane
1. As will be argued in Sect. 4.1 and shown explicitly
in Sect. 5 we focus on parameter ranges, where either the light chargino or the sleptons are
close in mass to χ˜01 (χ˜±1 - or l˜±-coannihilation).
• Decay via sleptons (3l):
The pair production of electroweak gauginos decaying via the process of Eq. (5) to 3l
final states is one of the most promising search channels to look for electroweak SUSY
particles at the LHC. Exclusion limits from the ATLAS searches [38] at 36 fb−1 lumi-
nosity are based on a “simplified model” assuming that the decay of χ˜±1 /χ˜02 proceeds via
an intermediate l˜L or ν˜L with 100% branching ratio, with ml˜L = mν˜l = (mχ˜02 +mχ˜01)/2.
1In the context of LHC searches, we use leptons to imply only the first two generations unless otherwise
mentioned.
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(a) (b)
Figure 1: Latest LHC constraints in the mχ˜01-mχ˜±1 (left) and mχ˜01-ml˜1 (right) planes (see text).
This search excludes upto mχ˜01 ∼ 1100 GeV for mχ˜02 <∼ 550 GeV. However, it is sen-
sitive to mass splittings (mχ˜±1 − mχ˜01) & 70 GeV. Thus, this limit is not sensitive to
χ˜±1 -coannihilation region which corresponds to much smaller mass-splitting between
χ˜±1 and χ˜01. We impose this limit on the mχ˜±1 −mχ˜01 plane of l˜-coannihilation region.
We show the exclusion contour from ATLAS in Fig. 1a as a red dashed line.
χ˜±1 χ˜
0
2 → (l˜±ν)(l˜+l−)→ 3l + E/T ,
χ˜±1 χ˜
0
2 → (l±ν˜)(l˜+l−)→ 3l + E/T . (5)
• Decay via sleptons (2l):
The decay chain in Eq. (6) refers to the ATLAS searches [39] at 139 fb−1 for χ˜±1 -pair
production with subsequent decays through l˜/ν˜. The ATLAS analysis is performed for
the specific parameter choice ml˜ = (mχ˜02 +mχ˜01)/2 and is sensitive to mass differences
∆m = (mχ˜±1 −mχ˜01) & 50 GeV. Thus, it is not possible to probe the χ˜
±
1 -coannihilation
region with the help of these constraints. As above, we impose these limits on the
mχ˜±1 − mχ˜01 plane of the l˜±-coannihlation scenario. In Fig. 1a this exclusion limit is
shown as a magenta line.
χ˜+1 χ˜
−
1 → (l˜+ν)(l˜−ν)→ 2l + E/T ,
χ˜+1 χ˜
−
1 → (l+ν˜)(l−ν˜)→ 2l + E/T . (6)
The ATLAS limit for the same production and decay mode as in Eq. (6) at 36 fb−1
luminosity given in [38] is shown as a gray dashed line in Fig. 1a. However, this provides
a much weaker limit for this scenario. The CMS searches for gaugino-pair production
with decay via sleptons/sneutrinos to final states containing two or more leptons can
be found in [40].
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• Decay via gauge bosons:
The ATLAS searches described by Eqs. (7a)-(8) [38, 39] look for decays of gaugino
pairs through on-shell gauge bosons. Thus, for these searches to be effective, the
mass difference between χ˜±1 and χ˜01 should at least be ∼ electroweak scale, i.e. an
on-shell gauge boson is required, which makes them practically insensitive to the χ˜±1 -
coannihilation region. On the other hand, these limits can in principle be applied to
the mχ˜±1 − mχ˜01 plane of the l˜±-coannihlation region. It should be noted that these
searches are most effective for scenarios where ml˜L ,ml˜R lie above mχ˜02 ,mχ˜+1 , so that
gaugino-decay via on-shell sleptons are not kinematically accessible.
Ref. [38] provides an exclusion contour at 36 fb−1 combining the two channels given
in Eq. (7a) and Eq. (7b). This is by far the strongest limit for this kind of scenario.
We show the combined contour from ATLAS in Fig. 1a by a cyan dashed line. The
various multi-lepton based searches are subdivided as:
a) 3l: The production and decay of the gauginos are expected to proceed as in
Eq. (7a).
χ˜±1 χ˜
0
2 → (Wχ˜01)(Zχ˜01)→ 3l + E/T , (7a)
b) 2l + jets: The search demands the presence in the signal of two leptons of same
flavour and opposite sign (SFOS) from the Z-boson and two or more jets from hadronic
decays of the W , following Eq. (7b).
χ˜±1 χ˜
0
2 → (Wχ˜01)(Zχ˜01)→ 2l + jets+ E/T . (7b)
c) 2l: Apart from the above exclusion limit, there exists ATLAS exclusion con-
tours [39] at 139 fb−1 for decay processes like Eq. (8) in final states containing two
opposite sign leptons. This is shown by a blue line in Fig. 1a. However, this is much
weaker compared to the combined limit mentioned above.
χ˜+1 χ˜
−
1 → (W+χ˜01)(W−χ˜01)→ 2l + E/T . (8)
Similar searches performed by the CMS collaboration are described in [41].
• Decay via Higgs boson (l, b-jets):
There are searches performed by ATLAS [42] at 139 fb−1 (and CMS [43] at 35.1 fb−1)
which look for decays of gaugino pairs through on-shell gauge and Higgs bosons as in
Eq. (9). These searches assume 100% BR for the decay mode χ˜02 → hχ˜01, for a purely
wino-like χ˜02. This limit is shown as a yellow-dashed line in Fig. 1a.
χ˜±1 χ˜
0
2 → (Wχ˜01)(hχ˜01)→ l + bb¯+ E/T , (9)
• l˜ pair production (2l):
The ATLAS limit from the searches of slepton pair production in the dilepton final
state [39] as described in Eq. (10) is sensitive for mass differences of (ml˜ − mχ˜01) &
80 GeV, making it inefficient for l˜±-coannihilation region. On the other hand, these
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limits can give constraints in the ml˜ −mχ˜01 plane of our χ˜±1 -coannihilation region. We
show this as a magenta line in Fig. 1b. For the same search channel a weaker limit at
36 fb−1 luminosity comes from Ref. [38] which is shown as a red dashed line in Fig. 1b.
Corresponding CMS search is described in [44].
l˜+l˜− → (l+χ˜01)(l−χ˜01)→ 2l + E/T . (10)
• Compressed scenario:
Apart from the standard searches mentioned above, there are also dedicated anal-
yses [45] to investigate parameter spaces with compressed mass spectra, where the
mass-splittings between χ˜±1 , χ˜02, l˜± and χ˜01 can be very low. The ATLAS searches [45]
at 139 fb−1 are sensitive to mass-splittings as low as ∼ 1.5 GeV for mχ˜02 ∼ 100 GeV
whereas for sleptons the mass-splitting goes down to ∼ 550 MeV for ml˜ ∼ 70 GeV. In
these cases, χ˜±1 and χ˜02 are expected to decay via off-shell W and Z bosons to final
states containing two leptons and E/T (i.e. requiring a leptonic Z∗ decay and a hadronic
W ∗ decay), see Eq. (11), whereas for the sleptons the decay process is given in Eq. (12).
In both cases, because of the small mass splitting, the two same-flavor opposite-charge
leptons in the final state come out to be very soft. Thus, to increase the sensitivity of
the searches, the presence of initial-state radiation (ISR) is also required which gives
the system some amount of boost. The searches for l˜+l˜−(χ˜±1 χ˜02)-pair production can
be applied to constrain l˜ (χ˜±1 )-coannihilation regions. These limits are shown in green
both in Fig. 1a and Fig. 1b. [46] describes the corresponding CMS searches targeting
the compressed mass spectrum.
χ˜±1 χ˜
0
2 → (W ∗χ˜01)(Z∗χ˜01)→ 2l + E/T + ISR , (11)
l˜+l˜− → (l+χ˜01)(l−χ˜01)→ 2l + E/T + ISR . (12)
• Searches involving stau:
The ATLAS collaboration has looked for direct production of τ˜ -pairs in final states
involving hadronically decaying τ -leptons [47], yielding almost negligible limits for
mχ˜01 > 100 GeV. Although there exists searches by the CMS collaboration [40] looking
for decays of χ˜±1 and χ˜02 to τ -rich final states, there are no similar searches by ATLAS
so far. Such limits are effective mostly for parameter regions where decays of χ˜±1 /χ˜02 via
first two generations of sleptons are not kinematically allowed. As we will see in Sect. 4,
in our analysis the mass of the lighter stau lies closely below me˜1 ,mµ˜1 and/or me˜2 ,mµ˜2
depending on the coannihilation scenario being considered. Therefore the limits from
the pair-production of the first two generations of sleptons (Eq. (10)) already put suf-
ficiently stringent limits on the parameter space relevant for stau searches. Moreover,
the CMS exclusion limits are sensitive only for mass differences (mτ˜ −mχ˜01) >∼ 30 GeV.
Therefore, this limit will not be very sensitive to parameter regions relying solely on
stau-coannihilation mechanism to achieve the right relic density value. Keeping these
facts in mind we do not explicitly take into account these limits in our analysis.
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Fig. Production & Ref. Luminosity Show in CheckMATE-
decay mode (fb−1) the color implementation
Fig. 1a
Eq. (5) [38] 36.1 Red dashed 3
Eq. (7) [38] 36.1 cyan dashed 3
Eq. (10) [38] 36.1 Gray dashed 3
Eq. (6) [39] 139 Magenta 3
Eq. (8) [39] 139 Blue 3
Eq. (12) [45] 139 Green 7
Fig. 1b
Eq. (10) [39] 139 Magenta 3
Eq. (10) [38] 36.1 Red dashed 3
Eq. (11) [45] 139 Green 7
Table 1: Table showing the relevant constraints from the LHC imposed to our parameter space. The
last column specifies which analyses have been implemented by us into CheckMATE.
The constraints imposed on the parameter space of our analysis are summarized in Tab. 1
and represented “graphically” in Fig. 1 above. As also discussed above, the exclusion con-
tours published by experimental collaborations are based on “simplified model” approach.
However, for the SUSY scenarios discussed in our work, the kinematic configurations as
well as gaugino-compositions may be significantly different from those analyses, leading to
notable change in some of the exclusion limits. Here, we use an independent implementa-
tion of the ATLAS analyses Ref. [38] and Ref. [39] with the use of the program package
CheckMATE [29–31]. Below, we give a brief description of our implementation.
CheckMATE is an analysis tool to test BSM scenarios against LHC constraints. We im-
plemented the searches of Ref. [38] and Ref. [39] using the AnalysisManager framework
of CheckMATE. We validated our implementation against the cutflow tables for various sig-
nal regions provided by the ATLAS collaboration. For the validation, events with upto
two additional partons were generated using MadGraph5_aMC@NLO [48], while showering and
hadronization were performed with PYTHIA8 [49]. We used the PDF set NNPDF2.3LO [50] and
CKKW-L prescription [51] for jet-parton matching following the ATLAS analyses. These
events are then passed on to CheckMATE which uses Fastjet [52, 53] for jet reconstruction
and Delphes [54] (which selects the ATLAS detector card) for fast detector simulation. After
the preparation of final detector-level objects, CheckMATE performs a statistical evaluation
for every signal region of each analysis. It compares the results of the simulation with the
actual experimental data by computing the parameter r defined as,
r = S − 1.96×∆S
S95exp
(13)
where S denotes the expected number of signal events, ∆S is the 1 σ uncertainty on this
number and S95exp is the 95% confidence level upper limit on the signal cross-section quoted
by the experimental collaboration. Thus, a parameter point is deemed to be excluded by
the analysis provided the value of r exceeds 1.
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Here, one should note that for the parameter region where compressed searches [45] are
most sensitive, the difference between the “simplified model” and our scenario is rather mild.
Therefore we impose these constraints directly onto our parameter space, keeping in mind
that this provides a conservative exclusion limit. On the other hand, as mentioned earlier, the
searches [42] described by Eq. (9) assume 100% BR for the decay mode χ˜02 → hχ˜01 (implying
a predominantly wino-like χ˜02). In practice, however, the BR for this decay mode is always
smaller than 100% because of the presence of χ˜02 → Zχ˜01 mode 2 (see also the discussion in
[14, 15]). Thus, it is expected that this already sub-dominant limit will effectively be even
substantially weaker for all practical SUSY scenarios. Therefore we do not apply this limit
and accordingly did not implement this analysis independently in CheckMATE.
3.2 Constraints from measurements of (g − 2)µ
The experimental result for aµ := (g−2)µ/2 is dominated by the measurements made at the
Brookhaven National Laboratory (BNL) [55], resulting in a world average of [56]
aexpµ = 11659209.1(5.4)(3.3)× 10−10 , (14)
where the first uncertainty is statistical and the second systematic. The SM prediction of
aµ is given by [1]3
aSMµ = (11659181.08± 3.78)× 10−10 . (15)
Comparing this with the current experimental measurement in Eq. (14) results in a deviation
of [1]
∆aµ = (28.02± 7.37)× 10−10 , (16)
corresponding to a 3.8σ discrepancy. This “current” result will be used below with a hard
cut at 2σ uncertainty.
Efforts to improve the experimental result at Fermilab by the “MUON G-2” collabora-
tion [3] and at J-PARC [58] aim to reduce the experimental uncertainty by a factor of four
compared to the BNL measurement. For the second step in our analysis we consider the
upcoming Run 1 result from the Fermilab experiment. The Run 1 data is expected to have
roughly the same experimental uncertainty as the current result in Eq. (14). We furthermore
assume that the Run 1 data yields the same central value as the current result. Consequently,
the combined experimental uncertainty roughly shrinks by 1/
√
2, yielding a future value of
∆afutµ = (28.02± 5.2)× 10−10 , (17)
corresponding to a 5.4σ discrepancy. Thus, the combination of Run 1 data with the existing
experimental (g − 2)µ data has the potential to establish the “discovery” of BSM phyics.
This “anticipated future” result will be used below with a hard cut at 2σ uncertainty.
2The BR(χ˜02 → hχ˜01) increases from ∼ 55% at the kinematic threshold (mχ˜02 −mχ˜01) ∼ 125 GeV to ∼ 80%
for slightly larger mass splittings for a predominantly wino-like χ˜02.
3While completing this work a new “world average” SM value appeared [57], which is slightly lower than
Eq. (15), but also with a slightly larger uncertainty. Using this value would have had a very small impact
on our analysis.
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Recently a new lattice calculation for the leading order hadronic vacuuum polarization
(LO HVP) contribution to aSMµ [59] has been reported. Their claim is that using their new
lattice result, and in particular their strongly improved uncertainty estimate, the discrepancy
of the SM prediction with the experimental result effectively disappears, in clear contrast to
the evaluations based on experimental data [1, 2, 60]. Subsequently, in [61] it was argued that
the uncertainty estimate of the LO HVP contribution obtained in [59] is far too optimistic,
confirming earlier lattice based estimates. Furthermore, in Ref. [62] it was analyzed that the
lattice evaluation of the LO HVP contribution creates a severe tension in the overall SM
EW fit (see also [63, 64]). Consequently, while being aware of the theoretical developments
of the LO HVP contributions, we stick to the central value of the deviation of aµ as given in
Eq. (16) (in agreement with [57]). On the other hand, we are also aware that our conclusions
would change substantially if the result presented in [59] turned out to be correct.
In MSSM the main contribution to (g − 2)µ at the one-loop level comes from diagrams
involving χ˜±1 − ν˜ and χ˜01 − µ˜ loops. The contributions are approximated as [65–67]
aχ˜
±−ν˜µ
µ ≈
αm2µ µM2 tan β
4pi sin2 θW m2ν˜µ
(
fχ±(M22/m2ν˜µ)− fχ±(µ2/m2ν˜µ)
M22 − µ2
)
, (18)
aχ˜
0−µ˜
µ ≈
αm2µ M1(µ tan β − Aµ)
4pi cos2 θW (m2µ˜R −m2µ˜L)
(
fχ0(M21/m2µ˜R)
m2µ˜R
− fχ0(M
2
1/m
2
µ˜L
)
m2µ˜L
)
, (19)
where the loop functions f are as given in Ref. [67]. In our analysis MSSM contribution to
(g−2)µ at two loop order is calculated using GM2Calc [68], implementing two-loop corrections
from [69–71] (see also [72, 73]).
3.3 Dark matter relic density constraints
The mean density of CDM in the Universe is tightly constrained by Planck measurements
of the cosmic microwave background and other observations [4]:
ΩCDMh2 = 0.120± 0.001 . (20)
In an R-parity conserving scenario of MSSM, the lightest supersymmetric particle (LSP)
becomes a candidate for DM. Depending on the hierarchy among the parametersM1,M2 and
µ the LSP can be a bino-, wino- or higgsino-like state or an admixture of them. It is well-
understood that with the current bounds on slepton masses from the LHC, a predominantly
bino-like LSP is unable to achieve correct amount of relic density in the absence of some
kind of coannihilation mechanism [12, 13]. A higgsino (wino) -like LSP, on the other hand
is underabundant upto the mass of ∼ 1 TeV (3 TeV) [74–78]. Thus, in the absence of
sfermion-coannihilation, a well-tempered admixture of higgsino-bino or higgsino-wino states
can give rise to the whole relic density of the universe single-handedly [79]. We assume here
that the dominant source of the cold DM is the LSP, the lightest neutralino, χ˜01, so that
Ωχh2 ' ΩCDMh2. For the calculation of the DM relic density we use MicrOMEGAs [80–83].
3.4 Direct detection constraints of Dark matter
We evaluate the constraint on the spin-independent DM scattering cross-section σSIp
from XENON1T [7] experiment, evaluating the theoretical prediction for σSIp using
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MicrOMEGAs [80–83]. While a combination with other DD experiments would yield slightly
stronger limits, this would have no relevant impact on our results, as will be discussed below.
The leading contribution to σSIp in MSSM comes from t-channel Higgs exchange and
s-channel squark exchange diagrams. Since, in our analysis the squarks and non-SM-like
Higgses are taken to be significantly heavy, the contribution from the lightest CP-even Higgs
exchange will be the dominant one. The h − χ˜01 − χ˜01 coupling arises as a result of mixing
of the bino/wino and higgsino states [84]. Thus, in the parameter region µ ' M1,M2, the
coupling can become significantly large. Moreover, since the coupling is ∼ 1/mχ˜01 , a smaller
σSIp is expected for larger values of mχ˜01 .
The scenario of χ˜±1 /χ˜02-coannihilation analyzed in our work can arise from a mixed bino-
wino or a bino-higgsino type of LSP. A bino-dominated LSP, on the other hand is expected
to undergo l˜±-coannihilation to achieve the right relic density. Because of the tiny coupling
of a bino with the Higgs, a predominantly-bino or a bino-wino mixed DM tend to have
rather small σSIp , often going below the neutrino floor [85, 86]. However, as the higgsino
component in the LSP increases, its σSIp can become large, thus receiving stringent bounds
from the direct detection experiments. However, we must note that even a bino-higgsino well-
tempered LSP can evade the direct detection bounds in some fine-tuned regions of parameter
space dubbed as the ’blind spots’, where the χ˜01-χ˜01-h coupling at tree level becomes exactly
equal to zero [87, 88], and the signal can go below the neutrino floor [85]. There are in
principle, constraints on σSDp as well [89, 90]. However, these limits are in general weaker
than the σSIp ones.
4 Parameter scan and analysis flow
4.1 Parameter scan
We scan the relevant MSSM parameter space to obtain lower and upper limits on the relevant
neutralino, chargino and slepton masses. In order to achieve the correct DM relic density, see
Sect. 3.3, by the lightest neutralino, χ˜01, some mechanism such as a specific co-annhihilation
or pole annihilation has to be active in the early universe. At the same time mχ˜01 must not
be too high, such that the EW sector can provide the contribution required to bring the
theory prediction of aµ into agreement with the experimental measurement, see Sect. 3.2.
The combination of these two requirements yields the following possibilities. (The cases
present a certain choice of favored possibilities, upon which one can expand, as will briefly
discussed in Sect. 7.)
(A) χ˜±1 -coannihilation region
In order to achieve χ˜±1 -coannihilation mχ˜01 ∼ mχ˜±1 is required. This can be achieved by
1. M1 <∼M2 (<< µ) (bino-like LSP, or mixed bino-wino LSP)
2. M1 <∼ µ (<< M2) (bino-like LSP, or mixed bino-higgsino LSP)
3. M2 < M1, µ (wino-like LSP)
4. µ < M1,M2 (higgsino-like LSP)
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It is known [74–78] that a wino-like (higgsino-like) LSP fulfilling the relic density
constraint, Eq. (20), results in mχ˜01 ∼ 2.9(1.1) TeV, which yields a SUSY spectrum too
heavy to fulfil the (g−2)µ constraint. On the other hand, the possibility of mixed bino-
higgsino LSP is strongly constrained by the DD experiments, as discussed in Sect. 3.4.
Consequently, we are left with the bino or mixed bino-wino like LSP. We choose the
parameters according to,
100 GeV ≤M1 ≤ 1 TeV , M1 ≤M2 ≤ 1.1M1 ,
1.1M1 ≤ µ ≤ 10M1, 5 ≤ tan β ≤ 60,
100 GeV ≤ ml˜L ≤ 1 TeV, ml˜R = ml˜L . (21)
Here we choose one soft SUSY-breaking parameter for all sleptons together. While
this choice should not have a relevant effect in the χ˜±1 -coannihilation case, this have
an impact in the next case. In our scans we will see that the chosen lower and upper
limits are not reached by the points that meet all the experimental constraints. This
ensures that the chosen intervals indeed cover all the relevant parameter space.
l˜±-coannihilation region
Another well-known mechanism to bring the relic density of the χ˜01 into agreement
with the experimental data is slepton coannihilation. As above we choose only one soft
SUSY-breaking parameter for all slepton generations. This links automatically, stau-
coannihilation and aµ, which in principle are unrelated, see, e.g., [37, 91]. However, to
keep the number of free parameters at a manageable level, we keep this restriction in
our analysis and leave the case with different possible masses for different generations
for future work. On the other hand, we cover the two distinct cases that either the
SU(2) doublet sleptons, or the singlet sleptons are close in mass to the LSP.
(B) Case-L: SU(2) doublet
100 GeV ≤M1 ≤ 1 TeV , M1 ≤M2 ≤ 10M1 ,
1.1M1 ≤ µ ≤ 10M1, 5 ≤ tan β ≤ 60,
M1 GeV ≤ ml˜L ≤ 1.2M1, M1 ≤ ml˜R ≤ 10M1 . (22)
(C) Case-R: SU(2) singlet
100 GeV ≤M1 ≤ 1 TeV , M1 ≤M2 ≤ 10M1 ,
1.1M1 ≤ µ ≤ 10M1, 5 ≤ tan β ≤ 60,
M1 GeV ≤ ml˜R ≤ 1.2M1, M1 ≤ ml˜L ≤ 10M1 . (23)
In all three scans we choose flat priors of the parameter space and generate O(107) points.
In particular in the Case-L up to six sleptons can be close in mass, the three charged
“left-handed” sleptons as well as their respective neutralinos. To give an idea of the still
present mass splitting we show in Fig. 2 the mass difference between the light smuon and
(left) the muon sneutrino, or (right) the light stau. In green we show the points fulfilling the
(g− 2)µ constraint (Eq. (16)), in dark blue the points that additionally give the correct DM
relic density. The SU(2) relation enforces that the sneutrino is slightly lighter than the light
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(a) (b)
Figure 2: The results of our parameter scan in the ∆−mµ˜1 plane for the l˜±-coannihilation Case-L. .
smuon, with a mass difference ranging from ∼ 25 GeV for light smuons to about ∼ 5 GeV for
heavy smuons. The non-zero splitting in the scalar tau sector, for equal soft SUSY-breaking
parameters, makes the stau somewhat lighter than the smuon. Here the mass difference
can go up to ∼ 50 GeV. Consequently, depending on the parameter point, the NLSP can
either be a sneutrino (the mass differences between the three generations are negligible) or
the light scalar tau. For Case-R (not shown), taking also the DD limits into account, the
“left-handed” sleptons being heavy, τ˜2 remains as the NLSP.
The mass parameters of the colored sector have been set to high values, such that the
resulting SUSY particle masses are outside the reach of the LHC, the light CP-even Higgs-
boson is in agreement with the LHCmeasurements, where the concrete values are not relevant
for our analysis. MA has also been set to be above the TeV scale. Consequently, we do not
include explicitly the possibility of A-pole annihilation, with MA ∼ 2mχ˜01 . As we will discuss
below the combination of direct heavy Higgs-boson searches with the other experimental
requirements constrain this possibility substantially (see, however, also Sect. 7). Similarly,
we do not consider h- or Z-pole annihilation, as such a light neutralino sector likely overshoots
the (g − 2)µ contribution (see, however, the discussion in Sects. 6.2 and 7).
It should be kept in mind that while our three scenarios are “designed” to yield a certain
coannihilation mechanism, the scan over the EW parameters is quite extensive. This ensures
in particular that no “possibilities” to generate the required contribution to (g − 2)µ are
overlooked.
4.2 Analysis flow
The data sample is generated by scanning randomly over the input parameter range men-
tioned above, using a flat prior for all parameters. We use SuSpect [92] as spectrum and
SLHA file generator. The points are required to satisfy the χ˜±1 mass limit from LEP [93]. The
SLHA output files from SuSpect are then passed as input to GM2Calc and MicrOMEGAs for
the calculation of (g − 2)µ and the DM observables, respectively. The parameter points
that satisfy the current (g − 2)µ constraint, Eq. (16), the DM relic density, Eq. (20), and
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the direct detection constraints are then taken to the final step to be checked against the
latest LHC constraints implemented in CheckMATE, as described in Sect. 3.1. The branching
ratios of the relevant SUSY particles are computed using SDECAY [94] and given as input to
CheckMATE.
5 Results
5.1 χ˜±1 -coannihilation region
We start our discussion with χ˜±1 -coannihilation, as discussed in Sect. 4.1. We follow the
analysis flow as described in Sect. 4.2 and denote the points surviving certain constraints
with different colors.
• grey (round): all scan points.
• green (round): all points that are in agreement with (g − 2)µ, taking into account the
current or anticipated future limits, see Eqs. (16) and (17), respectively.
• blue (triangle): points that additionally give the correct relic density, see Eq. (20).
• cyan (diamond): points that additionally pass the DD constraints, see Sect. 3.4.
• red (star): points that additionally pass the LHC constraints, see Sect. 3.1.
In Fig. 3 we show our results in themχ˜01–mχ˜±1 plane for the current (left) and future (right)
(g − 2)µ constraint, see Eqs. (16) and (17), respectively. By definition of χ˜±1 -coannihilation
the points are clustered in the diagonal of the plane. Starting with the (g − 2)µ constraint
(green points) one can observe a clear upper limits from (g − 2)µ of about 700 GeV for the
current limits and about 600 GeV from the anticipated future accuracy. Applying the CDM
constraints reduce the upper limit further to about 600 GeV and 450 GeV, respectively.
Applying the LHC constraints, corresponding to the “surviving” red points (stars), does not
yield a further reduction from above, but cuts always (as anticipated) only points in the
lower mass range, see the discussion below. The LHC constraint which is effective in this
parameter plane is the one designed for compressed spectra as given in Eq. (11) and shown
as a green line in Fig. 1a. Thus, the experimental data set an upper as well as a lower bound,
yielding a clear search target for the upcoming LHC runs, and in particular for future e+e−
colliders, as will be discussed in Sect. 6. In particular, this collider target gets (potentially)
sharpened substantially by the improvement in the (g − 2)µ measurements.
The impact of the DD experiments is demonstrated in Fig. 4. We show the mχ˜01-σ
SI
p plane
for current (left) and anticipated future limits (right) from (g− 2)µ. The color coding of the
points (from yellow to dark green) denotes µ/M1, whereas in blue (red) we show the points
fulfilling the relic density (and additionally the LHC) constraints. The black line indicates
the current DD limits, here taken for sake of simplicity from Xenon1T [7], as discussed in
Sect. 3.4. It can be seen that a slight downward shift of this limit, e.g. due to additional
DD experimental limits from LUX [5] or PANDAX [6], would not change our results in a
relevant way. The scanned parameter space extends from large σSIp values, given for the
smallest scanned µ/M1 values to the smallest ones, reached for the largest scanned µ/M1,
14
(a) (b)
Figure 3: The results of our parameter scan in the mχ˜01−mχ˜±1 plane for the χ˜
±
1 -coannihilation scenario.
For the color coding: see text.
i.e. the σSIp constraints is particularly strong for small µ/M1. One can also see that the relic
density constraint is fulfilled in nearly the whole scanned parameter space, except for the
largest σSIp values. Given both CDM constraints and the LHC constraints, shown in red, the
smallest µ/M1 value we find is 2 for the current and 2.3 for the anticipated future (g − 2)µ
bound. This result depends mildly on the assumed (g−2)µ constraint, as this cuts away the
largest mχ˜01 values.
The distribution of the lighter slepton mass (where it should be kept in mind that we have
chosen the same masses for all three generations, see Sect. 2) is presented in themχ˜01-ml˜1 plane
in Fig. 5, with the same color coding as in Fig. 3. The (g − 2)µ constraint places important
constraints in this mass plane, since both types of masses enter into the contributing SUSY
diagrams, see Sect. 3.2. The constraint is satisfied in a triangular region with its tip around
(mχ˜01 ,ml˜1) ∼ (700 GeV, 800 GeV) in the case of current (g − 2)µ constraints, and around∼ (600 GeV, 700 GeV) in the case of the anticipated future limits, i.e. the impact of the
anticipated improved limits is clearly visible as an upper limit. Since no specific other
requirement is placed on the slepton sector in the χ˜±1 -coannihilation case the slepton masses
are distributed over the (g − 2)µ allowed region. This also holds when the DM constraints
are taken in to account, as can be seen in the distribution of the blue and cyan points
(triangle/diamond).
The LHC constraints cut out lower slepton masses, going up to ml˜1 <∼ 400 GeV, as well as
part of the very low mχ˜01 points nearly independent of ml˜1 . Here the latter “cut” is due to the
searches for compressed spectra in Eq. (11), shown as green line in Fig. 1a. The first “cut” is
mostly a result of the searches described in Eq. (10). It can be compared to the “naive” bound
as given by the magenta line in Fig. 1b, where this bound extended up to ml˜1 <∼ 700 GeV,
a strong reduction is observed. The reason for this reduction can be understood as follows.
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(a) (b)
Figure 4: Scan results in the mχ˜01-σ
SI
p plane for current (left) and anticipated future limits (right) from
(g − 2)µ. The color coding of the points denotes µ/M1 and the black line indicates the DD limits (see
text). In blue (red) we show the points fulfilling the relic density (and additionally the LHC) constraints.
The ATLAS exclusion contour [39] for the mode in Eq. (10) is derived under the assumption
that e˜L, µ˜L and e˜R, µ˜R are all mass-degenerate and sufficiently light to contribute to the
signal cross-section. However, the right-sleptons can be significantly heavier for large parts
of our parameter scan, with a correspondingly reduced production cross-section as compared
to the ATLAS analysis. Moreover, e˜L has significant BR(e˜L → χ˜±1 νe) and similarly for µ˜L.
This also reduces the number of signal leptons. Thus, a combination of these two factors
leads to a substantially weaker exclusion limit. To illustrate this point better, in Tab. 2 we
show the mass spectra and the relevant BRs of two representative points taken from the
parameter space of χ˜±1 -coannihilation scenario.
This emphasizes the importance of recasting using CheckMATE, rather than the “naive” ap-
plication. Overall we can place an upper limit on the light slepton mass of about ∼ 850 GeV
and 750 GeV for the current and the anticipated future accurary of (g − 2)µ, respectively.
Since larger values of slepton masses are reached for lower values ofmχ˜01 , the impact of (g−2)µ
is relatively weaker than in the case of chargino/neutralino masses. The phenomenological
implications of these limits will be discussed in Sect. 6.
We finish our analysis of the χ˜±1 -coannihilation case with the mχ˜01-tan β plane presented
in Fig. 6 with the same color coding as in Fig. 3. The (g − 2)µ constraint is fulfilled in a
triangular region with largest neutralino masses allowed for the largest tan β values (where
we stopped our scan at tan β = 60), following the analytic dependence of the (g − 2)µ
contributions in Sect. 3.2, aµ ∝ tan β/m2EW (where we denote with mEW an overall EW mass
scale. In agreement with the previous plots, the largest values for the lightest neutralino
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Sample point 1 2
mχ˜01
144 347
mχ˜02
160 377
mχ˜03
975 817
mχ˜04
∼ mχ˜±2 977 823
mχ˜±1
160 377
me˜1,µ˜1 617 449
me˜2,µ˜2 617 449
mτ˜1 532 364
mτ˜2 691 521
mν˜ 612 443
Sample point 1 2 Sample point 1 2
BR(χ˜02 → τ˜1τ - 100 BR(e˜1 → χ˜01e 8.6 12.4
→ χ˜01γ 12.7 - → χ˜02e 31.6 31.2
→ χ˜01qq¯ 22.5 - → χ˜±1 νe) 59.8 56.4
→ χ˜01ll¯ 17.6 -
→ χ˜01τ τ¯ 26.6 -
→ χ˜01νν¯) 20.5 -
BR(χ˜±1 → χ˜01τντ 10.8 - BR(e˜2 → χ˜01e 99.9 99.5
→ χ˜01lνl 23 - → χ˜02e) 0.1 0.5
→ χ˜01qq¯′ 66 -
→ τ˜1ντ ) - 100
Table 2: The masses (in GeV) and relevant BRs (%) of two representative points from χ˜±1 -
coannihilation scenario. Here we show the BR of χ˜±1 and χ˜02 to third generation sleptons separately and
that of the first two generations together. Therefore, l˜ refers to e˜ and µ˜ together. ν is used to indicate
νe, νµ and ντ together.
(a) (b)
Figure 5: The results of our parameter scan in the mχ˜01-ml˜1 plane in the χ˜
±
1 -coannihilation case. The
color coding is as in Fig. 3.
masses are ∼ 600 GeV (∼ 450 GeV) for the current (anticipated future) (g− 2)µ constraint.
The points allowed by the DM constraints (blue/cyan) are distributed all over the allowed
region. The LHC constraints cut out points at low mχ˜01 , but nearly independent on tan β.
In Fig. 6 we also show as black lines the current bound from LHC searches for heavy
neutral Higgs bosons [95] in the channel pp → H/A → ττ in the M125h (χ˜) benchmark
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(a) (b)
Figure 6: The results of our parameter scan in the mχ˜01-tan β plane for the χ˜
±
1 -coannihilation scenario.
The color coding is as in Fig. 3. The black line indicates the current exclusion bounds for heavy MSSM
Higgs bosons at the LHC (see text).
scenario (based on the search data published in Ref. [96, 97] using 36 fb−1.).4 In this scenario
light charginos and neutralinos are present, suppressing the ττ decay mode and thus yielding
relatively weak limits in the MA-tan β plane (see Fig. 5 in [95]). The black lines correspond
to mχ˜01 = MA/2, i.e. roughly to the requirement for A-pole annihilation, where points above
the black lines are experimentally excluded. There are a few points passing the current
(g − 2)µ constraint below the black A-pole line, reaching up to mχ˜01 ∼ 280 GeV, for which
the A-pole annihilation could provide the correct DM relic density. It can be expected that
with the improved limits as given in [98] this possibility is further restricted. Taking into
account the anticipated future (g − 2)µ accuracy (keeping in mind the hypothetical future
central value is the same as the current one) also cuts away most of the points below the
black A-pole line. The combination of these effects makes the A-pole annihilation in this
scenario marginal.
5.2 l˜±-coannihilation region: Case-L
We now turn to the case of l˜±-coannihilation. As discussed in in Sect. 4.1 we distinguish
two cases, depending which of the two slepton soft SUSY-breaking parameters is set to be
close to mχ˜01 . In Case-L we chose ml˜L ∼M1, i.e. the left-handed charged sleptons as well as
4Stronger limits using 139 fb−1 have recently become available [98]. However, no evaluation in theM125h (χ˜)
is available yet.
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the sneutrinos are close in mass to the LSP. We find that all six sleptons are close in mass
and differ by less than ∼ 50 GeV, see Fig. 2.
In Fig. 7 we show the results of our scan in the mµ˜1−mχ˜01 plane. The color coding of the
points is the same as in Fig. 3, see the description in the beginning of Sect. 5.1. The green
points in the left plot satisfy the current (g−2)µ constraints of Eq. (16) whereas in the right
plot these points correspond to the anticipated future experimental bound of (g−2)µ as given
in Eq. (17). By definition of the scenario, the points are located along the diagonal of the
plane. The present constraint from (g−2)µ puts an upper bound of∼ 650 GeV on the masses.
With the projected sensitivity the upper limit is slightly reduced to ∼ 550 GeV. Including
the DM and LHC constraints, these bounds are reduced to ∼ 550 GeV and ∼ 500 GeV
for the current and anticipated future (g − 2)µ accuracy, respectively. As in the case of
χ˜±1 -coannihilation the LHC constraints cut away only low mass points. The corresponding
implications for the searches at future colliders are discussed in Sect. 6.
(a) (b)
Figure 7: The results of our parameter scan in the mµ˜1 −mχ˜01 plane for the l˜
±-coannihilation Case-L.
The color coding as in Fig. 3.
The impact of the DD experiments in the Case-L is demonstrated in Fig. 8. We show
the mχ˜01-σ
SI
p plane for current (left) and anticipated future limits (right) from (g − 2)µ. The
color coding of the points is as in Fig. 4. As above, the black line indicates the current
DD limits [7]. The general features are as in the χ˜±1 -coannihilation scenario: the scanned
parameter space extends from large σSIp values, given for the smallest scanned µ/M1 values
to the smallest ones, reached for the largest scanned µ/M1. One can also see that the relic
density constraint is fulfilled in nearly the whole scanned parameter space but spreading
mostly towards higher µ/M1 values. Given both CDM constraints and the LHC constraints,
the smallest µ/M1 value we find is 2.46 for both the current and the anticipated future
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(g − 2)µ bound.
(a) (b)
Figure 8: The results of our parameter scan in the σSIp −mχ˜01 plane for the l˜
±-coannihilation Case-L.
The color coding as in Fig. 4.
In Fig. 9 we show the results in themχ˜01-mχ˜±1 plane with the same color coding as in Fig. 7.
The (g − 2)µ limits on mχ˜01 become slightly stronger for larger chargino masses, as expected
from Eq. (19), and upper limits on the chargino mass are set at ∼ 3 TeV (∼ 2.5 TeV) for
the current (anticipated future) precision in aµ. The LHC limits cut away a lower wedge
going up to mχ˜±1
<∼ 600 GeV, driven by the bound in Eq. (5), shown as the red dashed line
in Fig. 1a. As in the χ˜±1 -coannihilation case, also here the upper limit on mχ˜±1 is strongly
reduced w.r.t. the “naive” application, which goes up to mχ˜±1
<∼ 1100 GeV for negligible
mχ˜01 . The reason for the weaker limit can be attributed to two factors. First, the significant
branching ratios of BR(χ˜±1 → τ˜1ντ ) and BR(χ˜02 → τ˜1τ) respectively, which are considered
to be absent in the ATLAS analysis. Second, the notably large branching ratio of χ˜02 to the
invisible modes χ˜02 → ν˜ν. Tab. 3 gives an idea of the relevant BRs of two sample points
taken from the parameter space of Case-L, with their mass spectra given in the same table.
This again emphasizes the importance of the recasting of the LHC searches that we have
applied.
The results for the l˜±-coannihilation Case-L in the mχ˜01-tan β plane are presented in
Fig. 10. The overall picture is similar to the χ˜±1 -coannhiliation case shown above in Fig. 6.
Larger LSP masses are allowed for larger tan β values. On the other hand the combination
of small mχ˜01 and large tan β leads to a too large contribution to a
SUSY
µ and is thus excluded.
As in Fig. 6 we also show the limits from H/A searches at the LHC, where we set (as
above) mχ˜01 = MA/2, i.e. roughly to the requirement for A-pole annihilation, where points
above the black lines are experimentally excluded. In this case for the current (g − 2)µ
limit substantially more points passing the (g − 2)µ constraint “survive” below the black
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(a) (b)
Figure 9: The results of our parameter scan in the mχ˜±1 −mχ˜01 plane for the l˜
±-coannihilation Case-L.
The color coding as in Fig. 7.
(a) (b)
Figure 10: The results of our parameter scan in the tan β−mχ˜01 plane for the l˜
±-coannihilation Case-L.
The color coding is as in Fig. 7.
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Sample point 1 2
mχ˜01
223 474
mχ˜02
749 549
mχ˜03
752 1934
mχ˜04
∼ mχ˜±2 1798 1935
mχ˜±1
748 549
me˜1,µ˜1 243 484
me˜2,µ˜2 2137 4007
mτ˜1 240 482
mτ˜2 2137 4008
mν˜ 231 478
Sample point 1 2 Sample point 1 2
BR(χ˜02 → l˜1l 1.2 30.4 BR(χ˜±1 → ν˜ll 0.8 35.8
→ τ˜1τ 83.4 16.2 → ν˜τ1τ 84 18
→ ν˜ν - 53.3 → l˜1νl 0.16 30
→ χ˜01h 12 - → τ˜1ντ 0.2 16
→ χ˜01Z) 3.4 - →Wχ˜01) 14 -
BR(e˜1 → χ˜01e) 100 100 BR(e˜2 → χ˜01e 99.7 100
→ χ˜02e) 0.3
Table 3: The masses (in GeV) and relevant BRs (%) of two sample points from l˜±-coannihilation
Case-L scenario. Here we show the BRs of χ˜±1 and χ˜02 to third generation sleptons separately and that
of the first two generations together. Therefore, l˜ refers to e˜ and µ˜ together. ν is used to indicate νe,
νµ and ντ together.
line, i.e. they are potential candidates for A-pole annihilation. The masses reach up to
∼ 320 GeV. As in the case of χ˜±1 -coannihilation, see Fig. 6, these points are reduced in the
case of the anticipated future (g−2)µ accuracy with an upper limit of ∼ 260 GeV. Together
with the already stronger bounds on H/A → ττ [98] this does not fully exclude A-pole
annihilation, but leaves it as a rather remote possibility with a clear upper bound on mχ˜01
(see the discussion in Sect. 6.2).
5.3 l˜±-coannihilation region: Case-R
We now turn to our third scenario, l˜±-coannihilation Case-R, where in the scan we require
the “right-handed” sleptons to be close in mass with the LSP. It should be kept in mind that
in our notation we do not mass-order the sleptons: for negligible mixing as it is given for
selectrons and smuons the “left-handed” (“right-handed”) slepton corresponds to l˜1 (l˜2). As
it will be seen below, in this scenario all relevant mass scales are required to be relatively
light by the (g − 2)µ constraint.
We start in Fig. 11 with the mχ˜01-mµ˜2 plane with the same color coding as in Fig. 3. By
definition of the scenario the points are concentrated on the diagonal. The current (future)
(g− 2)µ bound yields upper limits on the LSP of ∼ 700(600) GeV, as well as an upper limit
on mµ˜2 (which is close in mass to the e˜2 and τ˜2) of ∼ 800(700) GeV. Including the CDM and
LHC constraints, these limits reduce to ∼ 520 (400) GeV for the LSP for the current (future)
(g− 2)µ bounds, and correspondingly to ∼ 600 (430) GeV for mµ˜2 , and ∼ 530 (410) GeV for
mτ˜2 . The LHC constraints cut out some, but not all lower-mass points.
The distribution of the heavier slepton is displayed in the mχ˜01-mµ˜1 plane in Fig. 12.
Although the “left-handed” sleptons are allowed to be much heavier, the (g− 2)µ constraint
imposes an upper limit of ∼ 950 (800) GeV in the case for the current (future) (g − 2)µ
precision. This can be understood from the SUSY contributions to aµ. If the “left-handed”
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(a) (b)
Figure 11: The results of our parameter scan in the mχ˜01-mµ˜2 plane for the l˜
±-coannihilation Case-R.
The color coding as in Fig. 3.
(a) (b)
Figure 12: The results of our parameter scan in the mχ˜01-mµ˜1 plane for the l˜
±-coannihilation Case-R.
The color coding as in Fig. 11.
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slepton is heavy this suppresses both contributions, the chargino-sneutrino loop as given
in Eq. (18), as well as the neutralino-slepton loop as given in Eq. (19). Consequently, in
particular the “left-handed” slepton soft SUSY-breaking parameter must not be too large to
give a relevant contribution to aSUSYµ . Valid parameter point with maximum mµ˜1 ∼ 750 GeV
for both the current and future (g − 2)µ precision are obtained, even after the inclusion of
DM and LHC constraints. This offers in principle very optimistic future collider prospects,
as will be discussed in Sect. 6. In particular the LHC limits cut away lower mass points and
set a lower limit of ∼ 300 GeV for the heavier sleptons in the Case-R. This is predominantly
due to the LHC limits from slepton pair production following the decay pattern of Eq. (10)
and shown as the magenta region in Fig. 1b. Unlike Case-L, the lighter masses for both the
“left-” and “right-handed” sleptons contribute to larger production cross-section and lead
to the exclusion. Additionally, the chargino, being mostly wino-like, prefers to decay via
light “left-handed” sleptons in the kinematically allowed region. These points are further
restricted by LHC searches for chargino production with a subsequent decay via sleptons
as in Eqs. (5) - (6). These limits are depicted as red and magenta region in Fig. 1a. The
masses and decay patterns of two sample points from the parameter space of Case-R scenario
is given in Tab. 4.
Sample point 1 2
mχ˜01
110 334
mχ˜02
930 632
mχ˜03
954 1348
mχ˜04
∼ mχ˜±2 1101 1351
mχ˜±1
930 632
me˜1,µ˜1 457 750
me˜2,µ˜2 140 401
mτ˜2 120 349
mτ˜1 462 776
mν˜ 450 746
Sample point 1 2 Sample point 1 2
BR(χ˜02 → l˜1l 22.8 - BR(χ˜±1 → ν˜ll 23.8 -
→ l˜2l 0.4 - → ν˜τ2τ 18.5 -
→ τ˜2τ 15.5 98.8 → l˜1νl 18 -
→ τ˜1τ 14.92 - → τ˜2ντ 15 98.9
→ ν˜ν 27.54 - → τ˜1ντ 6.4 -
→ χ˜01h 12.5 1.1 →Wχ˜01) 18.2 1.1
→ χ˜01Z) 6.2 0.1
BR(e˜2 → χ˜01e) 100 100 BR(e˜1 → χ˜01e 100 45
→ χ˜02e) - 18.4
→ χ˜±1 νe) - 36.5
Table 4: The masses (in GeV) and relevant BRs (%) of two sample points from l˜±-coannihilation
Case-R scenario. Here we show the BRs of χ˜±1 and χ˜02 to third generation sleptons separately and that
of the first two generations together. Therefore, l˜ refers to e˜ and µ˜ together. ν is used to indicate νe,
νµ and ντ together.
The impact of the DD experiments in the Case-R is demonstrated in Fig. 13. We show
the mχ˜01-σ
SI
p plane for current (left) and anticipated future limits (right) from (g − 2)µ. The
color coding of the points is as in Fig. 4. As above, the black line indicates the current DD
limits from XENON1T [7]. The general features are similar to the l˜±-coannihilation Case-L
scenario: the scanned parameter space extends from large σSIp values, given for the smallest
scanned µ/M1 values to the smallest ones, reached for the largest scanned µ/M1. However,
there is one important change w.r.t. Case-L: the (g − 2)µ bound tends to drive µ to lower
values, whereas larger values are preferred by the DD constraint. This “tension” results in
more intricate relations among the parameters to be fulfilled in order to meet the various
24
(a) (b)
Figure 13: The results of our parameter scan in the mχ˜01-σ
SI
p plane for the l˜±-coannihilation Case-R.
The color coding as in Fig. 4.
constraints at once. Although, one can also see that the relic density constraint is fulfilled
in nearly the whole scanned parameter space. Given both CDM constraints and the LHC
constraints, the smallest µ/M1 value we find is smaller than in the Case-L: 1.7 and 2.0 for
the current and the anticipated future (g − 2)µ bound.
In Fig. 14 we show the results in the mχ˜01-mχ˜±1 plane with the same color coding as
in Fig. 11. As in the Case-L the (g − 2)µ limits on mχ˜01 become slightly stronger for larger
chargino masses, as expected from Eq. (19). The upper limits on the chargino mass, however,
are substantially stronger as in the Case-L. They are reached at ∼ 1.6 TeV for the current
and ∼ 1.3 TeV for the anticipated future precision in aµ. On the other hand there are points
with very low mχ˜±1 , which are not affected by the LHC searches, which can be understood
as follows. The LHC-excluded points span in principle the entire parameter space allowed
by (g− 2)µ constraint with the bounds coming from the searches discussed in the context of
Fig. 12. The points with lowest mχ˜±1 values, which are not cut away by the LHC searches
correspond to the mass hierarchy me˜1 > mχ˜±1 ,mχ˜02 > me˜2 > mτ˜2 , with me˜1 being relatively
large. Such a configuration implies large BR(χ˜±1 → τ˜2ντ ) and BR(χ˜02 → τ˜2τ), leading to a
substantially weaker LHC bounds, as discussed above. For these “allowed” points with low
mχ˜±1
also χ˜±1 -coannihilation contributes relevantly to the CDM relic density.
We finish our analysis of the l˜±-coannihilation Case-R with the results in the mχ˜01-tan β
plane, presented in Fig. 15. The overall picture is similar to the previous cases shown above
in Figs. 6, 10. Larger LSP masses are allowed for larger tan β values. On the other hand
the combination of small mχ˜01 and very large tan β values, tan β >∼ 40 leads to stau masses
below the LSP mass, which we exclude for the CDM constraints. The LHC searches mainly
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(a) (b)
Figure 14: The results of our parameter scan in the mχ˜±1 −mχ˜01 plane for the l˜
±-coannihilation Case-R.
The color coding as in Fig. 11.
(a) (b)
Figure 15: The results of our parameter scan in the mχ˜01-tan β plane for the l˜
±-coannihilation Case-R.
The color coding is as in Fig. 11.
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affect parameter points with tan β <∼ 20. Larger tan β values induce a larger mixing in the
third slepton generation, enhancing the probability for charginos to decay via staus and
thus evading the LHC constraints, see the discussion in Sect. 3.1. As in Fig. 10 we also
show the limits from H/A searches at the LHC, where we set (as above) mχ˜01 = MA/2, i.e.
roughly to the requirement for A-pole annihilation, where points above the black lines are
experimentally excluded. Comparing Case-R and Case-L, here for the current (g− 2)µ limit
substantially less points are passing the current (g− 2)µ constraint below the black line, i.e.
are potential candidates for A-pole annihilation. The masses reach only up to ∼ 200 GeV.
As in the two previous cases, see Figs. 6, 10, these points are reduced in the case of the
anticipated future (g − 2)µ accuracy with an upper limit of ∼ 180 GeV. Together with the
already stronger bounds on H/A→ ττ [98] this leaves A-pole annihilation as a quite remote
possibility with a strict upper bound on mχ˜01 (see the discussion in Sect. 6.2).
5.4 Lowest and highest mass points
In this section we present some sample spectra for the three cases discussed in the previous
subsections. For each case, χ˜±1 -coannihilation, l˜±-coannihilation Case-L and Case-R, we
present three parameter points that are in agreement with all constraints (red points): the
lowest LSP mass, the highest LSP with current (g − 2)µ constraints, as well as the highest
LSP mass with the anticipated future (g − 2)µ constraint. They will be labeled as "C1, C2,
C3", "L1, L2, L3", "R1, R2, R3" for χ˜±1 -coannihilation, l˜±-coannihilation Case-L and Case-
R,respectively. While the points are obtained from "random sampling", nevertheless they
give an idea of the mass spectra realized in the various scenarios. In particular, the highest
mass points give an clear indication on the upper limits of the NLSP mass.
In Tab. 5 we show the 3 parameter points ("C1, C2,C3") from χ˜±1 -coannihilation scenario,
which are defined by the six scan parameters: M1,M2, µ, tan β and the two slepton mass pa-
rameters, ml˜L and ml˜R (corresponding roughly to me˜1,µ˜1 and me˜2,µ˜2 , respectively). Together
with the masses and relevant BRs we also show the values of the DM observables and aSUSYµ .
Since τ˜ is the NLSP in these three cases, the contribution from τ˜ -coannihilation together
with χ˜±1 -coannihilation brings the relic density to the ballpark value. For all of the three
points, the decays of χ˜±1 and χ˜02 to first two generations of sleptons are not kinematically
accessible. Therefore they decay with 100% BR to third generation charged sleptons and
sneutrinos. This makes them effectively invisible to the LHC searches looking for electrons
and muons in the signal. LHC analyses designed to specifically look for τ -rich final states
can prove beneficial to constrain these points, which are much less powerful, as discussed
above.
In Tab. 6 we show three parameter points ("L1, L2, L3") taken from l˜±-coannihilation
scenario Case-L, defined in the same way as in the χ˜±1 -coannihilation case. For the point
L1, χ˜±1 and χ˜02 are higgsino-dominated with a significant wino component, they are almost
mass-degenerate with χ˜03. For L2 and L3, on the other hand, χ˜±1 and χ˜02 are wino-like. For
this reason, L1 has a significant BR(χ˜02 → χ˜01h) which is absent for L2 and L3. The large
values of mµ˜2 for the three points implies that the dominant one-loop contribution to (g−2)µ
comes from the diagram involving χ˜±1 − ν˜ in the loop.
The masses, BRs and values of the (g − 2)µ and DM observables of the three parameter
points for the Case-R ("R1, R2, R3") are shown in Tab. 7. Compared to the points C1
27
Sample points C1 C2 C3 Sample points C1 C2 C3
M1 133 579 430 BR(χ˜02 → τ˜1τ) 100 100 100
M2 144 583 444
µ 1329 1081 1024
tan β 5.1 59 52.7 BR(χ˜±1 → τ˜1ντ ) 100 100 100
ml˜L = ml˜R 170 678 540
mχ˜01
129 570 423
mχ˜02
150 605 464
mχ˜03
1338 1087 1032
mχ˜04
∼ mχ˜±2 1341 1093 1036 BR(e˜1 → χ˜
0
1e 20 14 16.4
mχ˜±1
150 605 464 → χ˜02e 28 30 28.9
me˜1,µ˜1 176 680 542 → χ˜±1 νe) 52 55 54.6
me˜2,µ˜2 176 680 541
mτ˜1 140 582 437
mτ˜2 205 765 629
mν˜ 159 675 536 BR(e˜2 → χ˜01e 99.9 99.7 99.9
Ωχ˜h2 0.118 0.121 0.118 → χ˜02e) 0.1 0.3 0.1
aSUSYµ × 1010 21.1 15.6 20.14
σSIp × 1010 0.39 2.3 1.12
Table 5: The masses (in GeV) and relevant BRs (%) of three points from χ˜±1 -coannihilation scenario
corresponding to the lowest LSP mass, the highest LSP mass with current (g− 2)µ constraints, as well
as the highest LSP mass with the anticipated future (g − 2)µ constraint. Here we show the BR of χ˜±1
and χ˜02 to third generation sleptons separately and that of the first two generations together. Therefore,
l˜ refers to e˜ and µ˜ together. ν is used to indicate νe, νµ and ντ together. Only BRs above 0.1 % are
shown. The values of (g − 2)µ and DM observables are also shown. σSIp is given in the units of pb.
and L1 of the previous two cases, the point R1 needs a larger value of tan β to satisfy
(g − 2)µ constraint. The mass splitting between µ˜1 and µ˜2 is also seen to be smaller than
that of Case-L, for reasons discussed in Sect. 5.3. The wino-dominated χ˜±1 and χ˜02 preferably
decay via e˜1/µ˜1, which, however, are kinematically forbidden in these cases. The decays via
e˜2/µ˜2, on the other hand, are suppressed because of the tiny Yukawa couplings of the first
two generations. Therefore, they decay entirely to final states involving third generation
sleptons, making them harder to detect.
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Sample points L1 L2 L3 Sample points L1 L2 L3
M1 131 541 508 BR(χ˜02 → l˜1l 32 32.4 28
M2 838 793 515 → τ˜1τ 17 18.4 17.4
µ 720 1365 1012 → ν˜ν 34.5 49.2 54.6
tan β 6.95 56.7 56 → χ˜01h 13 - -
ml˜L 149 548 509 → χ˜01Z) 3.43 - -
ml˜R 1172 1278 2349
mχ˜01
126 533 499
mχ˜02
706 816 535
mχ˜03
731 1369 1019
mχ˜04
∼ mχ˜±2 889 1374 1025 BR(χ˜
±
1 → ν˜l1 l 32 33.2 39.4
mχ˜±1
706 816 535 → ν˜τ1τ 17 17 20.4
me˜1,µ˜1 155 549 511 → l˜1νl 23.2 31.8 25.2
me˜2,µ˜2 1173 1279 2349 → τ˜1ντ 11.7 17.7 15
mτ˜1 155 534 509 →Wχ˜01) 16 - -
mτ˜2 1173 1286 2350
mν˜ 135 544 505
Ωχ˜h2 0.119 0.121 0.12 BR(e˜1 → χ˜01e) 100 100 100
aSUSYµ × 1010 19.7 14.06 21.1 BR(e˜2 → χ˜01e 100 100 99.2
σSIp × 1010 0.8 0.46 2.13 → χ˜02e) - - 0.5
Table 6: The masses (in GeV) and relevant BRs (%) of three points from l˜±-coannihilation scenario
Case-L corresponding to the lowest LSP mass, the highest LSP mass with current (g− 2)µ constraints,
as well as the highest LSP mass with the anticipated future (g − 2)µ constraint. Here we show the
BR of χ˜±1 and χ˜02 to third generation sleptons separately and that of the first two generations together.
Therefore, l˜ refers to e˜ and µ˜ together. ν is used to indicate νe, νµ and ντ together. Only BRs above
0.1 % are shown. The values of (g − 2)µ and DM observables are also shown. σSIp is given in the units
of pb.
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Sample points R1 R2 R3 Sample points R1 R2 R3
M1 111 525 408 BR(χ˜02 → l˜2l 0.72 - 2.4
M2 352 662 429 → τ˜2τ 93.7 96.8 97.6
µ 812 1091 822 → χ˜01h 4.5 2.92 -
tan β 20.5 58.5 59 → χ˜01Z) 0.99 - -
ml˜L 458 695 794
ml˜R 128 591 425
mχ˜01
109 518 402
mχ˜02
367 685 448 BR(χ˜±1 → l˜1νl - - -
mχ˜03
823 1098 830 → τ˜2ντ 94.3 97 100
mχ˜04
∼ mχ˜±2 828 1105 838 →Wχ˜
0
1) 5.7 2.8 -
mχ˜±1
367 685 448
me˜1,µ˜1 460 696 795
me˜2,µ˜2 136 592 428 BR(e˜1 → χ˜01e) 42 95 9.2
mτ˜2 119 526 406 → χ˜02e 19.6 1.7 32
mτ˜1 464 747 807 → χ˜±1 νe) 38.3 3.2 58.7
mν˜ 453 692 792
Ωχ˜h2 0.121 0.121 0.121
aSUSYµ × 1010 17.5 14.8 17.8 BR(e˜2 → χ˜01e) 100 100 100
σSIp × 1010 0.23 1.2 3.1
Table 7: The masses (in GeV) and relevant BRs (%) of three points from l˜±-coannihilation scenario
Case-R corresponding to the lowest LSP mass, the highest LSP mass with current (g− 2)µ constraints,
as well as the highest LSP mass with the anticipated future (g − 2)µ constraint. Here we show the
BR of χ˜±1 and χ˜02 to third generation sleptons separately and that of the first two generations together.
Therefore, l˜ refers to e˜ and µ˜ together. ν is used to indicate νe, νµ and ντ together. Only BRs above
0.1 % are shown. The values of (g − 2)µ and DM observables are also shown. σSIp is given in the units
of pb.
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6 Prospects for future colliders
In this section we discuss the prospects of the direct detection of the (relatively light) EW
particles at the approved HL-LHC and at a hypothetical future e+e− collider such as ILC [32,
33] or CLIC [33, 34].
6.1 HL-LHC prospects
(a) (b)
Figure 16: The projected (a) 95% exclusion limit and (b) a 5σ discovery reach in the mχ˜01-mχ˜±1 plane
at the HL-LHC. The color coding for various decay modes are as in Fig. 1.
The prospects for BSM phenomenology at the HL-LHC have been summarized in [99]
for a 14 TeV run with 3 ab−1 of integrated luminosity. For the direct production of chargino
and neutralino through EW interaction, the projected 95% exclusion reach as well as a
5σ discovery reach have been presented. For the non-compressed scenario, the electroweak
gaugino production via on-shell gauge boson decays has been analyzed following Eq. (7a) and
Eq. (8). The corresponding limits in the mχ˜01-mχ˜±1 plane is shown in Fig. 16 with cyan and
blue shaded regions respectively. The color coding follows the same convention as in Fig. 1.
The projected exclusion reach for the cyan region will go twice as high in the chargino mass
range, covering values as high as 1 TeV for mχ˜01 . 500 GeV. However, the most significant
improvement can be observed in the gaugino productions via on-shell W and Higgs decays
as in Eq. (9), shown as yellow shaded area. On the other hand, the same search channel
has a projected 5σ reach up to mχ˜±1 . 1 TeV and mχ˜01 . 500 GeV. Therefore, this search
channel with an on-shell Higgs decaying to bb¯ combined with the future (g − 2)µ accuracy
and DM constraints can conclusively probe “almost” the entire allowed parameter region
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of l˜±-coannihilation Case-R scenario and a significant part of the same parameter space
for Case-L scenario (see Fig. 9 and Fig. 14) at the HL-LHC. We note that no update was
provided in [99] for the most relevant search channels, the decay of charginos/neutralinos
via intermediate sleptons with 3l and 2l final states, see Eqs. (5), (6). A clearer picture
of the HL-LHC prospects for the physics case under investigation could be drawn with an
experimental analysis of these channels.
Similarly, no prospects for the scalar electron or muon production at the HL-LHC have
been reported yet. However, the analysis for compressed higgsino-like spectra may exclude
mχ˜02 ∼ mχ˜±1 ∼ 350 GeV with mass gap as low as 2 GeV for mχ˜±1 around 100 GeV following
the decay pattern of Eq. (11). Hence, a substantial parameter region can be curbed for
the χ˜±1 -coannihilation case (see Fig. 3) in the absence of a signal in the compressed scenario
analysis with soft leptons at the final state.
6.2 ILC/CLIC prospects
Direct production of EW particles at e+e− colliders clearly profits from a higher center-
of-mass energy,
√
s. Consequently, we focus here on the two proposals for linear e+e−
colliders, ILC [32, 33] and CLIC [33, 34], which can reach energies up to 1 TeV, and 3 TeV,
respectively. We evaluate the cross-sections for the various SUSY pair production modes
for the energies currently foreseen in the run plans of the two colliders. The anticipated
energies and integrated luminosities are listed in Tab. 8. The cross-section predictions are
based on tree-level results, obtained as in [100, 101], where it was shown that the full one-
loop corrections can amount up to 10-20% 5. We do not attempt any rigorous experimental
analysis, but follow the idea that to a good approximation final states with the sum of the
masses smaller than the center-of-mass energy can be detected [103–105]. We also note that
in case of several EW SUSY particles in reach of an e+e− collider, large parts of the overall
SUSY spectrum can be measured and fitted [106].
Collider
√
s [GeV] Lint [ab−1] Collider √s [GeV] Lint [ab−1]
ILC 250 2 CLIC 380 1
350 0.2 1500 2.5
500 4 3000 5
1000 8
Table 8: Anticipated center-of-mass energies, √s and corresponding integrated luminosities, Lint at
ILC [107, 108] and CLIC [109] (as used in [110]).
In the following we show the results for certain EW-SUSY production cross-sections for
a fixed
√
s (according to Tab. 8). We do not show the production cross-sections for the
5Including full one-loop corrections here as in [100, 101] would have required to determine the preferred
choice of the renormalization scheme for each point individually (see [102] for details), which goes beyond
the scope of this analysis.
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mono-photon signal e+e− → χ˜01χ˜01(+γ) (where the ISR photon is required to detect the
invisible final state). From the upper limits on mχ˜01 as obtained in Sect. 5 (about 570 GeV
for χ˜±1 -coannihilation, about 540 GeV for l˜±-coannihilation Case-L and about 520 GeV in
Case-R, for the current (g − 2)µ constraint), it can be inferred that with √s = 1000 GeV a
considerable part of the spectrum can be covered. The reach becomes even stronger in the
case of the future anticipated (g − 2)µ constraint, where the upper limits on mχ˜01 go down
to ∼ 430, 500, 410 GeV, respectively, covering effectively the full spectrum at a 1000 GeV
collider.
(a) (b)
Figure 17: cross-section predictions for e+e− → χ˜±1 χ˜∓1 (left) and e+e− → µ˜1µ˜1 (right) in the χ˜±1 -
coannihilation case at the ILC and CLIC as a function of the sum of the final state masses. Open (filled)
circles indicate agreement with (g − 2)µ at the current (anticipated future) accuracy.
We start the numerical investigations in Fig. 17 with the cross-section predictions for
e+e− → χ˜±1 χ˜∓1 (left) and e+e− → µ˜1µ˜1 (right) in the χ˜±1 -coannihilation case as a function
of the sum of the final state masses. The different shades of green (violet) indicate the
cross-sections at the various ILC (CLIC) energies. Open (filled) circles indicate agreement
with (g − 2)µ at the current (anticipated future) accuracy. It can be observed that the
lower-energy stages of the ILC and CLIC,
√
s ≤ 500 GeV, cover only a very small part
of the predicted mass spectrum. (
√
s = 250 GeV does not yield any accessible parameter
point in our analysis.) Higher energies, on the other hand, as can be reached in principle at
future e+e− colliders cover part or even the full predicted spectrum. This holds particularly
for the CLIC energies for the parameter points assuming the current (g − 2)µ constraint.
On the other hand, even the ILC1000 can cover the full predicted mχ˜±1 spectrum in the
case of the future anticipated (g − 2)µ constraint. All obtained cross-section predictions for
the kinematically accessible parameter points are above 10−2 pb for chargino production
and above 10−3 pb for smuon pair production. For each ab−1 of integrated luminosity this
corresponds to 10000 (1000) events for chargino (smuon) pair production, which should make
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these particles easily accessible, see Tab. 8, if they are in the kinematic reach of the collider.
(a) (b)
Figure 18: cross-section predictions for e+e− → χ˜01χ˜02 (left) and e+e− → µ˜1µ˜1 (right) in the l˜±-
coannihilation Case-L at the ILC and CLIC as a function of the sum of the final state masses. Symbols
are as in Fig. 17.
The situation is similar, but somewhat less encouraging for l˜±-coannihilation Case-L, as
presented in Fig. 18. The left (right) plot shows the cross-section predictions for e+e− →
χ˜01χ˜
0
2 and e+e− → µ˜1µ˜1 with the same symbol/color coding as in Fig. 17. Here highest CLIC
energies are needed to cover the full predicted spectrum. On the other hand, the lighter
sleptons are closer in mass to the LSP in this scenario. Consequently, even the ILC500 can
cover a substantial part of the predicted mµ˜1 spectrum, and
√
s <∼ 1000 GeV is sufficient to
cover all predicted mass values.
Finally in Fig. 19 we show the l˜±-coannihilation Case-R. As argued in the previous sub-
section, in this case some EW SUSY particles are driven to relatively low mass values.
This is visible in Fig. 19, where the left (right) plot shows the cross-section predictions for
e+e− → χ˜01χ˜02 and e+e− → µ˜2µ˜2 with the same symbol/color coding as in Fig. 17. In the case
of χ˜01χ˜02 production even with the current (g− 2)µ constraint a collider with
√
s = 1500 GeV
is sufficient to cover the full spectrum. With the anticipated future (g − 2)µ accuracy only
mass sum values <∼ 800 GeV are reached, and even the ILC500 can cover a relevant part of
the spectrum. Most cross-sections are at or above 10−3 pb, i.e. at least 1000 events per ab−1
would be produced. The situation is similar for µ˜2µ˜2 production, although with even higher
production cross-sections. The ILC1000 could cover the full spectrum corresponding to the
anticipated future (g−2)µ accuracy, and some part of the spectrum would be accessible even
at the ILC350 (or circular e+e− colliders reaching this energy).
The above shown example cross-sections clearly show the anticipated future accuracy
on (g − 2)µ has the power to sharpen the upper limits on EW SUSY particles sufficiently,
such that at least some particles are guaranteed to be discovered at the higher-energy stages
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(a) (b)
Figure 19: cross-section predictions for e+e− → χ˜01χ˜02 (left) and e+e− → µ˜2µ˜2 (right) in the l˜±-
coannihilation Case-R at the ILC and CLIC as a function of the sum of the final state masses. Symbols
are as in Fig. 17.
of the ILC and/or CLIC. (The LSP should be accessible in almost any case even with the
current (g − 2)µ accuracy.) If the future (g − 2)µ constraint confirms the deviation of aexpµ
from the SM prediction, the case for future e+e− colliders is clearly strengthened.
As discussed in Sect. 4.1 we have not considered the possibility of Z or h pole annihila-
tion to find agreement of the relic DM density with the other experimental measurements.
However, it should be noted that in this context an LSP withM1 ∼ mχ˜01 ∼MZ/2 or ∼Mh/2
would yield a detectable cross-section e+e− → χ˜01χ˜01γ in any future high-energy e+e− col-
lider. Furthermore, depending on the values of M2 and µ, this scenario likely yields other
clearly detectable EW-SUSY production cross-sections at future e+e− colliders. We leave
this possibility for future studies.
On the other hand, the possibility of A-pole annihilation was discussed for all three
scenarios. While it appears a rather remote possibility, it cannot be fully excluded by our
analysis. However, even in the “worst” case of l˜±-coannihilation Case-L an upper limit on
mχ˜01 of ∼ 260 GeV can be set. While not as low as in the case of Z or h-pole annihilation,
this would still offer good prospects for future e+e− colliders. We leave also this possibility
for future studies.
7 Conclusions
The electroweak (EW) sector of the MSSM, consisting of charginos, neutralinos and scalar
leptons can account for a variety of experimental data. Concerning the CDM relic abundance,
the MSSM offers a natural candidate, the lightest neutralino, χ˜01, while satisfying the bounds
from DD experiments which have yielded negative results so far. As a result of comparatively
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small production cross-sections, a relatively light EW sector of the MSSM is also in agreement
with the latest experimental exclusion limits from the LHC. Most importantly, the EW sector
of the MSSM can account for the long-standing 3 − 4σ discrepancy of (g − 2)µ. Improved
experimental results are expected in the course of 2020 by the publication of the Run 1 data
of the “MUON G-2” experiment.
In this paper, under the assumption that the χ˜01 provides the full DM relic abundance
we first analyzed which mass ranges of neutralinos, charginos and sleptons are in agree-
ment with all relevant experimental data: the current limit for (g − 2)µ , the relic density
bounds, the DD experimental bounds, as well as the LHC searches for EW SUSY particles.
Concerning the latter we included all relevant existing data, mostly relying on re-casting
via CheckMATE, where several channels had to be newly implemented. We analyzed three
scenarios, depending on the mechanism that brings the relic density in agreement with the
experimental data: χ˜±1 -coannihilation, l˜±-coannihilation with the mass of the “left-handed”
(“right-handed”) slepton close to mχ˜01 , Case-L (Case-R). We find in all three cases a clear
upper limit on mχ˜01 . While for χ˜
±
1 -coannihilation this is ∼ 570 GeV, for l˜±-coannihilation
Case-L ∼ 540 GeV and for Case-R values up to ∼ 520 GeV are allowed. Similarly, up-
per limits to masses of the coannihilating SUSY particles are found as, mχ˜±1
<∼ 610 GeV,
ml˜L
<∼ 550 GeV, ml˜R <∼ 590 GeV. For the latter, in the l˜±-coannihilation case-R, the up-
per limit on the lighter τ˜ is even lower, mτ˜2 <∼ 530 GeV. The current (g − 2)µ constraint
also yields limits on the rest of the EW spectrum, although much loser bounds are found.
As an example, for χ˜±1 -coannihilation we find ml˜L <∼ 900 GeV, for l˜±-coannihilation Case-L
mχ˜±1
<∼ 3 TeV and mχ˜±1 <∼ 1 TeV for Case-R. These upper bounds set clear collider targets
for the HL-LHC and future e+e− colliders.
In a second step we assumed that the new result of the Run 1 of the “MUON G-2”
collaboration at Fermilab yields a precision comparable to the existing experimental result
with the same central value. We analyzed the potential impact of the combination of the
Run 1 data with the existing result on the allowed MSSM parameter space. We find that
the upper limits on the LSP mass are decreased to about 425 GeV for χ˜±1 -coannihilation,
500 GeV for l˜±-coannihilation Case-L and 400 GeV in Case-R, sharpening the collider targets
substantially. Similarly, the upper limits on the NLSP masses go down to about 470 GeV,
510 GeV and 410 GeV in the three cases that we have explored.
For the HL-LHC we have briefly reviewed the anticipated future upper limits and 5σ
discovery regions. We find that the chargino/neutralino production at the HL-LHC via
on-shell W and Higgs decays have a substantial impact on the allowed parameter space of
l˜±-coannihilation scenarios. In particular, the fate of Case-R can be conclusively determined
with only this search channel. On the other hand, the compressed spectrum searches for
chargino-neutralino production may become important to probe the parameter space of χ˜±1 -
coannihilation region.
Concerning future high(er) energy e+e− colliders, we have evaluated the production cross-
sections for the anticipated center-of-mass energies of ILC and CLIC. The LSP should be
accessible in almost any case at
√
s = 1000 GeV even with the current (g−2)µ accuracy and
can effectively be fully covered with the anticipated future accuracy. Moreover, since the
anticipated future accuracy on (g − 2)µ has the potential to narrow down the upper limits
on EW SUSY particles sufficiently, the analyzed example cross-sections show that at least
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some particles are guaranteed to be discovered at the higher-energy stages of the ILC and/or
CLIC. Therefore, if the future (g − 2)µ constraints confirms the deviation of aexpµ from the
SM prediction, our findings strongly motivate the need of future e+e− colliders.
While we have attempted to cover nearly the full set of possibilities that the EW spec-
trum of the MSSM can fulfill all the various experimental constraints, our studies can be
extended/completed in the following ways. One can analyze the cases of: (i) complex pa-
rameters in the chargino/neutralino sector (then also taking EDM constraints into account);
(ii) different soft SUSY-breaking parameters in the three generations of sleptons, and/or
between the left- and right-handed entries in the case of χ˜±1 -coannihilation; (iii) A-pole an-
nihilation, in particular in the case of l˜±-coannihilation for very low mχ˜01 and tan β values;
(iv) h- and Z-pole annihilation, which could be realized for sufficiently heavy sleptons; (v)
requiring the CDM constraint only as upper limit. We leave these analyses for future work.
In this paper we have analyzed in particular the impact of (g− 2)µ measurements on the
EW SUSY spectrum. While the current experimental and theoretical situation is clear, the
upcoming measurements of the “MUON G-2” collaboration were shown to have the strong
potential of sharpening the future collider experiment prospects. All this hinges, of course,
on the central value the collaboration will observe (where we used the simplest assumption
of the same central value as in the current experimental data). We are eagerly awaiting the
new “MUON G-2” result to illuminate further the possibility of relatively light EW BSM
particles.
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